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gp150 is a membrane glycoprotein which has been implicated in cell–cell adhesion in the postaggregation stages of
Dictyostelium development. An analysis of its tryptic peptides by mass spectrometry has identified gp150 as the product of
he lagC gene, which was previously shown to play a role in morphogenesis and cell-type specification. Antibodies raised
against the GST–LagC fusion protein specifically recognized gp150 in wild-type cells and showed that it is missing in
lagC-null cells. Immunolocalization studies have confirmed its enrichment in cell–cell contact regions. In mutant cells that
lack the aggregation stage-specific cell adhesion molecule gp80, gp150 is expressed precociously. Moreover, these cells
acquire EDTA-resistant cell–cell binding during aggregation, suggesting a role for gp150 in this process. Cells in which the
genes encoding gp80 and gp150 are both inactivated do not acquire EDTA-resistant cell adhesion during aggregation. Strains
transformed with an actin 15::lagC construct express gp150 precociously, but do not show EDTA-resistant adhesion during
early development. However, vegetative cells expressing gp150 can be recruited into aggregates of 16-h lagC-null cells.
These results, together with those obtained with the cell-to-substratum binding assay, indicate that gp150 mediates
cell–cell adhesion via heterophilic interactions with another component that accumulates during the aggregation
stage. © 2000 Academic Press
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Cellular adhesive properties are crucial to morphogenesis
during development of multicellular organisms. Cell adhe-
sion molecules are now regarded as major morphoregula-
tory molecules, which underlie diverse cellular processes,
such as cell shape changes, cell motility, cell proliferation,
and apoptosis (Gumbiner, 1996; Hynes, 1996; Yap et al.,
1 L. Hou was on leave of absence from East China Normal
University, Shanghai, China. Present address: Department of Biol-
ogy, East China Normal University, Shanghai 200062, P. R. China.
2 To whom correspondence should be addressed at the Charles H.
est Institute, University of Toronto, 112 College Street, Toronto,
ntario M5G 1L6, Canada. Fax: (416) 978-8528. E-mail:ahi.hung.siu@utoronto.ca.
734997). Differential temporal and spatial expression of cell
dhesion molecules is stringently regulated during develop-
ent. The formation or dissolution of specific adhesion
omplexes often results in important signals and serves as a
ajor driving force behind cell migration, differentiation,
nd tissue formation.
The social amoeba Dictyostelium discoideum is
niquely suitable for the study of cell–cell interactions
ecause of its simple and well-defined developmental cycle,
hich is characterized by the formation of multicellular
ntities and cell-type differentiation (Loomis, 1975; Aubry
nd Firtel, 1999). D. discoideum cells are triggered to
ndergo development when they have depleted their food
ource. The solitary amoeboid cells begin to secrete cAMP
nd neighboring cells respond to cAMP by undergoing
0012-1606/00 $35.00
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735Cell Adhesion Mediated by gp150/LagC in Dictyosteliumchemotactic migration, giving rise to cell streams and
multicellular mound structures. Each mound undergoes
morphogenesis to give rise to a fruiting body, which con-
tains a sorus of spores supported by a cellular stalk and a
basal disc.
Multicellularity is achieved by chemotaxis and the ex-
pression of cell–cell adhesion molecules. Specific cell ad-
hesion molecules are expressed at different stages during
development and they are required to maintain the integ-
rity of cell aggregates and generate important signals for cell
differentiation (Gerisch, 1980; Siu, 1990; Fontana, 1995; Siu
et al., 1997). Recent results from several laboratories have
demonstrated the presence of at least four cell adhesion
systems. Soon after the initiation of development, cells
acquire EDTA/EGTA-sensitive cell binding sites, which are
mediated by DdCAD-1, a Ca21-binding protein of M r 24,000
(Knecht et al., 1987; Brar and Siu, 1993; Wong et al., 1996).
EDTA-sensitive/EGTA-resistant cell binding sites appear a
couple of hours later (Fontana, 1993), but the molecular
nature of these sites is not known. The expression of
contact sites A, which are stable in EDTA up to a concen-
tration of 15 mM, coincides with the aggregation stage
(Beug et al., 1973). These binding sites are mediated by the
cell adhesion molecule gp80 (Muller and Gerisch, 1978; Siu
et al., 1985). Finally, during the postaggregation stages,
gp150 has been proposed to mediate yet another type of
EDTA-resistant cell binding site (Geltosky et al., 1979; Gao
et al., 1992).
gp150 was first identified as a concanavalin A (Con
A)-binding glycoprotein which accumulates maximally in
the postaggregation stages (Geltosky et al., 1976). The first
indication that it might function as a cell adhesion mole-
cule was based on the observation that Fab directed against
gp150 blocks the EDTA-resistant cell–cell binding sites at
the culmination stage of development (Geltosky et al.,
1979; Lam et al., 1981). Antibody binding also inhibits the
sorting of prestalk cells and prespore cells in reconstituted
aggregates, implicating a role for gp150 in morphogenesis
and pattern formation (Siu et al., 1983). Although this
antibody cross-reacts with several glycoproteins, its inhibi-
tory effects can be neutralized with purified gp150 (Gao et
al., 1992). However, genetic evidence in support of a role for
gp150 in cell adhesion has been lacking.
Interestingly, the amino-terminal sequence of gp150 (Gao
et al., 1992) was almost identical to that of the deduced
sequence of the product of the lagC gene (Dynes et al.,
1994). The lagC gene is predicted to code for a 98-kDa
polypeptide which contains an amino-terminal signal se-
quence and a transmembrane domain near the carboxy-
terminus. A strain in which lagC is disrupted, AK127,
undergoes normal chemotaxis, but is arrested at the loose
aggregate stage. Aggregates of AK127 cells eventually dis-
sociate into single cells, suggesting that the defect might be
due to the loss of cell cohesion. In addition, cell-type
differentiation is blocked in these mutant cells. It is likely
that the lagC gene plays a regulatory role in the transition
from the initial multicellular stage to the tight mound stage
Copyright © 2000 by Academic Press. All rightand in cell-type specification. Studies of chimeric aggre-
gates also suggest that the LagC protein may function as a
key signaling molecule.
To determine whether lagC encodes gp150, we raised
rabbit antibodies against the extracellular region of the
LagC protein. These antibodies recognized purified gp150,
as well as membrane-bound gp150 in wild-type cells, and
showed that it is missing in the lagC-null cells of strain
AK127. Western blot analyses revealed two molecular
forms of gp150. An analysis of their tryptic peptides by
matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectrometry has confirmed that both
isoforms are products of the lagC gene. Immunolocalization
studies and analyses of knockout mutants provide morpho-
logical and genetic evidence in support of the role of gp150
as a cell–cell adhesion molecule. Furthermore, binding
studies indicate that gp150 mediates cell–cell adhesion via
heterophilic interactions with a developmentally regulated
cell surface receptor.
MATERIALS AND METHODS
Cell Strains and Culture Conditions
The wild-type strains NC4, AX2, and KAx-3 were used in most
experiments. AX2 and KAx-3 are axenic strains. Two mutant strain
were also used, GT10, in which the csaA gene encoding the cell
adhesion molecule gp80 is inactivated (Harloff et al., 1989), and
K127, in which the lagC gene is disrupted (Dynes et al., 1994).
hile GT10 was derived from AX2, AK127 was derived from
Ax-3. Cells were cultured either on agar plates in association with
lebsiella aerogenes or in axenic HL5 liquid medium (Sussman,
987). Cells were collected at their midexponential growth phase
nd washed free of bacteria. Cells were resuspended at 2 3 108
cells/ml for development on 2% water agar. Alternatively, cells
were resuspended at 2 3 106 cells/ml in MCM buffer [20 mM
2-(N-morpholino)ethanesulfonic acid, pH 6.8, 0.2 mM CaCl2, 2
mM MgCl2], and 0.5 ml each was deposited on coverslips coated
ith 0.1% (w/v) poly-L-lysine. After removing 400 ml of the buffer,
the coverslips were placed in a moist chamber for development at
room temperature.
Construction and Expression of Fusion Proteins
Standard recombinant DNA methods were followed in the
construction of expression vectors (Sambrook et al., 1989). DNA
fragments encoding the extracellular domain of LagC protein were
obtained by PCR amplification. To delete the signal peptide of
LagC, a fragment from nucleotide position 58 to the BamHI site at
nucleotide position 558 was generated using a forward primer
which contained both SpeI and XmaI cut sites, 59CGGACTAGTC-
CCGGGATGAATCCTCCAACACCAATAGATGC39, and a re-
verse primer, 59CCGGATCCTGGTGGAAATG39. This fragment
was used to replace the 59 end segment to the BamHI site. To delete
the transmembrane and cytoplasmic domains of the LagC protein,
the forward primer 59GCAAGCTTAACAGTTTC39 and reverse
primer 59CCCTCGAGTTATTAACCATTTGATGGTTTGGA-
TG39, which contained an XhoI site, were used to generate the
fragment extending from the HindIII site at nucleotide position
2256 to the PflMI site at position 2548. This fragment was used to
s of reproduction in any form reserved.
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736 Wang et al.replace the segment from nucleotide position 2256 to the 39 end of
lagC cDNA. The final reconstructed insert contained the lagC
DNA sequence between nucleotide positions 58 and 2548, encod-
ng the entire extracellular domain of the LagC protein. It was
ubcloned into the unique SpeI and XhoI sites of the Bluescript
ector. The XhoI site at the 39 end of the insert was cut and blunt
nded, and an XmaI linker was ligated to this site. The DNA insert
as released by digestion with XmaI and then subcloned into the
nique XmaI site of the pGEX-3X vector for expression of the
ST–LagC fusion protein.
For large-scale purification of fusion protein, transfected JM101
ells were cultured overnight at 37°C in the presence of 50 mg/ml
ampicillin. Then the culture was diluted 10 times and grown at
30°C. After 1.5 h, protein expression was induced by adding
isopropyl b-D-thiogalactoside to a final concentration of 0.5 mM.
The culture was incubated at 30°C for an additional 4 h before
harvesting. Cells were collected at 4°C and the cell pellet was
resuspended in the sonication buffer (0.5 M NaCl, 10% glycerol, 1
mM EDTA, 0.1 mM PMSF, and 1 mM DTT in PBS). Cells were
lysed by sonication and centrifuged at 10,000 rpm for 15 min.
Triton X-100 was added to the supernatant at a final concentration
of 1% and the recombinant protein was absorbed to prewashed
glutathione–Sepharose 4B by rotating the suspension for 1 h. After
being washed with 50 ml of 1 M NaCl in PBS, the fusion protein
was eluted using 5 ml of 50 mM glutathione (reduced) in 50 mM
Hepes, pH 7.5. The purified protein was dialyzed against PBS and
stored at 220°C.
Preparation of Polyclonal Antibodies against LagC
Polyclonal antibodies against the purified GST–LagC fusion
protein were raised in rabbit. One hundred micrograms of fusion
protein, emulsified in complete Freund’s adjuvant, was injected in
the first immunization and 50 mg in incomplete Freund’s adjuvant
was used in each of the four subsequent boosts given at 2, 4, 8, and
12 weeks. Immunoreactivity of the antiserum was tested by dot
blot analysis.
Gel Electrophoresis
SDS–PAGE was carried out according to Laemmli (1970). Plasma
membranes were isolated using the aqueous two-phase system as
described previously (Siu et al., 1977) and Con A-binding proteins
ere isolated according to Geltosky et al. (1976). Protein samples
were solubilized and reduced by boiling in 2% SDS plus 2%
b-mercaptoethanol. For Western blot analysis, the nitrocellulose
membrane was blocked with 5% skim milk and then incubated
with an appropriate dilution of the rabbit anti-GST–LagC antibody
(designated hereafter as anti-gp150 antibody). The bound antibody
was detected using either an alkaline phosphatase-conjugated goat-
anti-rabbit IgG secondary antibody or the enhanced chemilumines-
cence detection kit (Amersham). Digitized images of immunoblots
were quantified using the NIH Image program.
MALDI-TOF Mass Spectrometry
NC4 cells were collected at 16 h of development for gp150
purification as previously described (Gao et al., 1992). Partially
purified gp150 samples were separated by SDS–PAGE. The 150- and
145-kDa bands were excised separately and sliced into 1-mm cubes.
The gel pieces were subjected to trypsin digestion and peptides
were extracted according to Shevchenko et al. (1996) with minor w
Copyright © 2000 by Academic Press. All rightmodifications. After digestion, peptides were purified using Sepha-
sil C18 resin. Samples were submitted to MALDI-TOF mass
spectrometry using the PerSeptive Biosystems Voyager Elite (Per-
Septive Biosystems, Inc). Database searches were performed using
the search engine provided at the Web site http://
prowl.rockefeller.edu/cgi-bin/ProFound.
Immunofluorescence Labeling of Cells
KAx-3 cells were developed on agar for 16 h or until tip
structures were formed. Cells were dissociated with 20 mM EDTA
in 17 mM sodium phosphate buffer, pH 6.4 (ES buffer). In patching
experiments, cells were incubated with the anti-gp150 antiserum
(200 ml at 1:20 dilution in ES buffer) in an Eppendorf tube and
otated at either 24 or 4°C for 30 min. Cells were washed three
imes with ES buffer and then incubated with FITC-conjugated
oat anti-rabbit IgG (1:50 dilution) for 20 min at 24 or 4°C. After
hree washes, cells were fixed in 3.7% formaldehyde in 17 mM
odium phosphate buffer, pH 6.4, at room temperature for 15 min.
ells were resuspended in phosphate buffer and mixed at a 1:1 ratio
ith a mounting solution containing 80% glycerol and 2.5%
,4-diazabicyclo-(2,2,2)-octane in PBS. Confocal images were ob-
ained using a Zeiss Axiovert 135 inverted microscope equipped
ith 163 and 633 Neofluor objectives and the LSM 410 confocal
ttachment.
To examine re-formed aggregates, 0.5-ml aliquots of cells (2 3
06 cells/ml) were deposited on coverslips coated with 0.1%
poly-L-lysine. After 15 min, the ES buffer was replaced by 100 ml of
MCM buffer and cells were incubated at room temperature for
another 60 min. Cells were fixed with prechilled methanol at
220°C and then incubated with the anti-gp150 antibody (1:100
dilution in 0.1% BSA in PBS) for 1 h. After three washes with
0.05% Tween 20 in PBS, cells were incubated with FITC-
conjugated goat anti-rabbit IgG (1:300 dilution) for 1 h. After
washing, coverslips were mounted for confocal microscopy.
In double-immunofluorescence labeling experiments, cells were
fixed and then incubated sequentially with mouse anti-gp80 mAb
80L5C4 (Siu et al., 1985; Wu et al., 1992) and rabbit anti-gp150
antibodies. After incubation with the appropriate fluorescent sec-
ondary antibodies, cell samples were mounted for confocal micros-
copy.
Transformation
The lagC cDNA was cloned into an expression vector in which
transcription is driven by the actin 15 promoter to allow expression
during vegetative growth (Dynes et al., 1994). Plasmid DNA (30 mg)
was introduced into the AK127 cells and KAx-3 cells (0.4 ml at 2 3
107 cells/ml) by electroporation using the ZAP Gene Pulser (Bio-
ad). Cells were allowed to recover overnight and transformants
ere selected sequentially by adding 5, 10, and 20 mg/ml G418.
ndividual colonies of G418-resistant cells were picked and sub-
loned. The expression of gp150 during vegetative growth was
etermined by immunoblot analysis. Cells were maintained in
L-5 medium on a platform shaker. To construct the csaA2/lagC2
double-knockout mutant, the lagC gene was disrupted in GT10
cells (csaA2) by homologous recombination using the plasmid
recovered from the strain AK127 containing flanking lagC se-
quence (Dynes et al., 1994; Kuspa and Loomis, 1992) transformed
nto a uracil auxotrophic isolate of GT10. Prototrophic colonies
ere selected and cloned for further analysis.
s of reproduction in any form reserved.
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737Cell Adhesion Mediated by gp150/LagC in DictyosteliumCell Reassociation Assay
The cell reassociation assay was used to assess the cohesiveness
of cells in the presence or absence of EDTA. Cells were developed
on 2% water agar and then collected at different stages of develop-
ment. Cells were dissociated in 20 mM EDTA in 17 mM sodium
phosphate buffer, pH 6.4, and resuspended at 2.5 3 106 cells/ml in
5 mM EDTA. Cells were allowed to re-form aggregates on a
platform shaker rotating at 180 rpm as previously described (Lam et
al., 1981). To assess the effects of anti-gp150 Fab fragments on cell
reassociation, different amounts of Fab were added to cell samples,
which were incubated for 30 min at 4°C on a platform shaker. The
samples were briefly vortexed to dissociate aggregates and cell
reassociation was carried out as described above. Assays were
carried out in duplicates or triplicates and repeated two to three
times.
In coaggregation experiments, vegetative cells (0 h) were labeled
with FITC as previously described (Siu et al., 1983) and then mixed
at a 1:1 ratio with unlabeled 16-h AK127 cells. Cell reassociation
was carried out in 5 mM EDTA and 17 mM phosphate buffer, pH
6.4, on a platform shaker rotating at 180 rpm for 30 min. Approxi-
mately 100 aggregates containing 10 to 20 cells were videotaped per
sample and the recruitment of labeled cells into the 16-h cell
aggregates was analyzed.
Cell-to-Substratum Binding Assay
The cell-to-substratum binding assay was carried out as de-
scribed by Wong et al. (1996). Petri dishes were coated with
solubilized nitrocellulose and 50-ml aliquots of different fusion
roteins were placed onto 1-cm spots of the plastic surface for 1.5 h
t room temperature. Generally, ;30% of the input protein became
dsorbed onto the plastic. After removal of the unbound protein,
xcess binding sites were blocked by incubation with 1% bovine
erum albumin for 60 min. Each spot was washed three times with
7 mM phosphate buffer. Cells were collected at 0 or 16 h of
evelopment and resuspended in 20 mM EDTA to prevent the
ormation of aggregates. Aliquots of cells (50 ml each at 2 or 4 3 105
cells/ml) were placed on the protein spots. After incubation for 30
min at room temperature, the unbound cells were removed and
each spot was washed gently three times with 20 mM EDTA. The
bound cells were fixed onto the dish using 3.7% formaldehyde. In
competition experiments, cells were preincubated with the fusion
protein on a platform shaker for 30 min at 4°C. After removal of the
unbound protein, cells were placed onto the protein spots for
binding as described above. In all experiments, background binding
was estimated using spots coated with bovine serum albumin
alone. The number of cells bound on each protein-coated spot was
estimated after background subtraction, and values lower than the
background were taken to be zero. All experiments were repeated
three times or more.
RESULTS
Anti-LagC Antibodies Recognized the Cell
Adhesion Molecule gp150
Our first approach to evaluate the relationship between
the cell adhesion molecule gp150 and the lagC gene was to
raise antibodies against the lagC gene product and to
determine whether they could recognize purified gp150. A b
Copyright © 2000 by Academic Press. All rightST fusion protein, which contained the extracellular
omain of the LagC protein, was produced in bacteria (Fig.
A) and used to raise antibodies in rabbit. The antiserum
ecognized the GST–LagC fusion protein as well as purified
p150 (Fig. 1B), indicating the existence of common anti-
enic determinants shared by the LagC polypeptide chain
nd gp150.
gp150 was first isolated from the plasma membrane as a
on A-binding glycoprotein (Geltosky et al., 1976). There-
ore, Con A-binding proteins and different subcellular frac-
ions of wild-type cells were subjected to immunoblot
nalysis. The antiserum recognized a 150-kDa band in the
hole cell lysates of both NC4 and KAx-3 cells (Fig. 2A).
he 150-kDa band in NC4 cells was associated primarily
ith the membrane fraction and absent in the soluble
rotein fraction (Fig. 2A). In addition, the antiserum reacted
ith gp150 in the Con A-binding fraction. These results
upport the notion that the lagC gene codes for the mem-
FIG. 1. Construction and expression of GST–LagC fusion protein.
(A) Schematic drawings of the deduced LagC protein and the
GST–LagC fusion protein (horizontal striped box, signal peptide
(S-peptide); stippled box, extracellular region; black box, trans-
membrane domain (TM); slanted striped box, cytoplasmic domain).
Construction of the lagC cDNA for fusion to the pGEX-3X plasmid
was carried out as described under Materials and Methods. The
fusion protein was purified and injected into rabbit to raise anti-
LagC antiserum. (B) Immunoblots of GST–LagC fusion protein (110
kDa) and gp150. Lane a, purified GST–LagC fusion protein sepa-
rated on 10% gel and stained with Coomassie Brilliant Blue. Lane
b, immunoblot of the GST–LagC fusion protein using the rabbit
antiserum. Lane c, immunoblot of purified gp150.rane protein gp150. If the lagC gene codes for gp150, one
s of reproduction in any form reserved.
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738 Wang et al.can predict that the 150-kDa band would be absent in the
lagC-null strain AK127. Indeed, the antiserum failed to
detect any protein band in AK127 cells (Fig. 2A, lane c).
The expression of gp150 is known to be regulated during
development (Geltosky et al., 1976; Gao et al., 1992). The
levels of gp150 at different stages of development were
probed with the antibody raised against the GST–LagC
fusion protein (designated anti-gp150 antibody hereafter).
gp150 was resolved into two distinct bands of M r 150,000
and 145,000 (Fig. 2B). The accumulation of both proteins
was under developmental regulation, with the upper band
appearing a few hours earlier than the lower band. The
150-kDa band was present at a modest level at 12 h of
development and showed a fourfold increase during the
next 6 h, while the 145-kDa band was detected only at 15 h
and increased more than fivefold between 15 and 18 h (Fig.
FIG. 2. Expression of gp150 during Dictyostelium development.
(A) Cells were developed on filter pad for 15 h and lysed by freezing
and thawing. Different subcellular fractions were prepared for gel
electrophoresis and Western blot analysis was carried out using the
antiserum raised against the GST–LagC fusion protein. NC4
whole-cell lysate (lane a); KAx-3 whole-cell lysate (lane b); AK127
(lagC-null) whole-cell lysate (lane c); NC4 plasma membranes (lane
d); NC4 soluble proteins (lane e); NC4 Con A-binding proteins (lane
f). The 150-kDa band recognized by the antiserum is indicated by
an arrow. (B) KAx-3 cells were developed on 2% water agar and then
collected at 3-h intervals for immunoblot analysis. The antiserum
visualized two bands at approximately 150 and 145 kDa.2B). r
Copyright © 2000 by Academic Press. All rightIdentification of gp150 as the LagC Protein by
MALDI-TOF Mass Spectrometry
To further assess the identity of gp150, the two immu-
nologically related 150- and 145-kDa bands were excised
from acrylamide gels and subjected to overnight digestion
with trypsin. The tryptic peptides were analyzed by
MALDI-TOF mass spectrometry (Fig. 3A) and the spectral
data were submitted to the ProFound mass spectrometry
data base for search of matched proteins. The 150-kDa
protein band and trypsin yielded a total of 57 peptide
masses in a single analysis (Fig. 3A). When the masses of
these peptides were compared with the calculated tryptic
peptide masses of each entry in the database, the closest
match was the LagC protein with 17 tryptic peptide
matches within a mass error of 1.3 Da. Among them, 9 of
the peptides had error values clustered at 60.3 Da. The
tryptic peptides covered 29% of the deduced amino acid
sequence (Fig. 3B). The 145-kDa band yielded similar re-
FIG. 3. Identification of gp150 as the lagC gene product. A
emipurified gp150 preparation was separated by gel electrophore-
is. Gel slices containing the two gp150 bands were excised,
igested in situ by trypsin, and then analyzed with MALDI-TOF
ass spectrometry. (A) Mass spectrometry map of the upper band
f gp150. Fragments matched with the deduced LagC protein are
esignated by an asterisk, while the trypsin peptides are marked by
T”. Peptide mapping and data base searches were carried out
llowing a peptide mass error of ,1.3 Da. (B) Distribution of gp150
ryptic peptides matched by the LagC protein. Black bars, peptides
hared by both 150- and 145-kDa bands; striped bars, peptides
etected only in the 150-kDa band; white bar, peptide detected only
n the 145-kDa band. Contiguous peptides were offset to a second
ow for clarity of presentation.
s of reproduction in any form reserved.
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Copyright © 2000 by Academic Press. All rightsults, with 14 tryptic peptides matched with the LagC
protein. The two gp150 bands shared 13 peptides that
matched with the LagC protein (Fig. 3B), indicating that
they are both products of the lagC gene. Many of the large
gaps are occupied by peptides that contain potential
N-glycosylation sites.
Localization of gp150 in Cell–Cell Contact Regions
For a protein to function in cell adhesion, it must be
expressed on the cell surface. We therefore investigated the
subcellular localization of gp150 by immunofluorescence
staining of cells in the postaggregation stages of develop-
ment. To demonstrate the presence of gp150 on the cell
surface, capping of gp150 molecules was induced by incu-
bating dissociated 16-h cells with anti-gp150 antibody and
secondary antibody at room temperature. Cells were then
fixed for laser scanning confocal microscopy. Large patches
and caps of gp150 were observed on most cells, while a
more or less uniform peripheral distribution of small
patches was observed on control cells which were incu-
bated with both primary and secondary antibodies at 4°C
(Figs. 4A and 4B). It is therefore evident that gp150 is
associated with the external surface of the cell.
To examine the distribution of gp150 in cell aggregates,
16-h cells were dissociated and then incubated on cover-
slips for different time periods before fixation. Dissociated
cells showed large patches as well as small punctate patches
of gp150 associated with the plasma membrane (Fig. 4C).
After 60 min, cells re-formed aggregates and the contact
regions showed intense gp150 staining (Fig. 4D), consistent
with its role as a cell adhesion molecule.
In whole mounts, gp150 was expressed in cells along the
entire body length of the slug and displayed a honey-comb-
like staining pattern (Fig. 4E). To facilitate penetration of
antibodies, slugs were gently squashed on coverslips and
then double stained with anti-gp150 and anti-gp80 antibod-
ies. Both proteins were localized to the cell–cell contact
regions of the cell mass (Figs. 4F and 4G).
Precocious Expression of gp150 in gp80-Null Cells
Mutant cells were used to further evaluate the role of
gp150 in cell–cell adhesion. In GT10 cells, the csaA gene
encoding the cell adhesion molecule gp80 is disrupted
(Harloff et al., 1989). However, GT10 cells are able to
undergo normal cell aggregation when developed on agar,
suggesting that other cell adhesion molecules might have
replaced gp80 or that cell adhesion is not required for
at 18 h of development, fixed, and stained with anti-gp150 antibody
as described under Materials and Methods (E). Bar, 25 mm. Some
lug preparations were also squashed on coverslips and double
tained with rabbit anti-gp150 antibody (F) and mAb 80L5C4FIG. 4. Localization of gp150 to the cell surface and contact
egions of cell aggregates. KAx-3 cells were developed on agar for
6 h and then dissociated by EDTA. To induce capping of gp150
olecules on the cell surface, living cells were incubated with
rimary antibodies for 30 min, followed by FITC-conjugated goat
nti-rabbit IgG at room temperature for 20 min (A). To prevent cap
ormation, cells were incubated with both primary and secondary
ntibodies on ice (B). In a separate experiment, dissociated cells
ere allowed to settle on poly-L-lysine-coated coverslips and to
re-form aggregates in MCM buffer. After 10 (C) and 60 min (D) of
incubation, cells were fixed with 220°C methanol and then stainedgainst gp80 (G). Bars, 10 mm.
s of reproduction in any form reserved.
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role of gp80 during aggregation, cell streams formed by
either GT10 cells or AX2 cells (the parental strain of GT10)
were fixed for double-immunofluorescence staining using
antibodies against gp80 and gp150. Whereas gp150 staining
was detected only at the background level in AX2 cells,
gp150 staining was clearly visible in the cell–cell contact
regions of GT10 cell streams, suggesting that gp150 was
already expressed at an appreciable level and might partici-
pate in cell–cell adhesion (Fig. 5). The cytoplasm of GT10
cells displayed a punctate staining pattern, which might
represent gp150-containing vesicles targeted for fusion with
the cell membrane.
Western blot analysis also revealed that gp150 was ex-
pressed earlier in GT10 cells than in AX2 cells. In AX2
cells, gp150 was barely detectable at 8 h of development and
accumulated slowly over the next 6 h. In contrast, gp150
became detectable in GT10 cells at 6 h and accumulated
rapidly, showing more than 10-fold increase by 8 h (Fig. 6A).
To determine whether the expression of gp150 was ac-
companied by the acquisition of EDTA-resistant cell adhe-
sion sites, GT10 cells were developed on agar and subjected
to the cell reassociation assay every 2 h. The temporal
expression of EDTA-resistant cell contact sites in GT10
FIG. 5. Expression of gp150 in cell streams of GT10 cells. AX2
cells (A and B) and GT10 cells (C) were developed on coverslips
coated with 2% water agar until the aggregation stage and fixed for
confocal microscopy. Cells were stained with mAb 80L5C4 against
gp80 (A) and rabbit anti-gp150 antibodies (B, C). Bars, 10 mm.cells was similar to that of AX2 cells (Fig. 6B). To assess the o
Copyright © 2000 by Academic Press. All rightelationship between gp150 and the EDTA-resistant cell
dhesion observed at this stage, GT10 cells in the midag-
regation stage were reassociated in the presence of anti-
p150 Fab fragments. Cell aggregation was inhibited by
60%, whereas the control Fab had no effect (Fig. 6C). The
ggregates formed in the presence of anti-gp150 Fab mostly
ontained 5 to 6 cells, a much smaller number than in
ontrol aggregates, which usually contained 10 to 20 cells.
o determine whether the inhibitory effect of the antibody
as specific for gp150-mediated cell adhesion, AK127
lagC2) cells, which expressed gp80 but not gp150, were
FIG. 6. Correlation between gp150 expression and EDTA-resistant
cell cohesion in GT10 cells. Both GT10 (csaA-null) cells and AX2
parental) cells were developed on 2% water agar and then collected
very 2 h for immunoblot analysis and for cell reassociation assays.
A) Total cell proteins were separated by SDS–PAGE and protein blots
ere immunostained using the anti-gp150 antibody. (B) Cells were
ollected at different developmental hours and subjected to the cell
eassociation assay in the presence of 5 mM EDTA (E, AX2 cells; F,
T10 cells). Values were taken from the 60-min point of the cohesion
urves. (C) Inhibition of EDTA-resistant cell cohesion by anti-gp150
ab. GT10 cells were developed for 8 h on agar and collected for the
ell reassociation assay. Cells were dissociated and resuspended in 5
M EDTA. Cell reassociation was carried out in the absence of Fab
E) and in the presence of anti-gp150 Fab at 1 mg/ml (F) or an
rrelevant Fab at 1 mg/ml (n ). (D) Lack of effect of anti-gp150 Fab on
K127 (lagC2) cells. AK127 cells were collected at 8 h of develop-
ent, when they had already expressed high levels of the cell
dhesion molecule gp80. Cells were suspended in 5 mM EDTA for the
ell reassociation assay either in the presence () or in the absence ()
f anti-gp150 Fab.
s of reproduction in any form reserved.
741Cell Adhesion Mediated by gp150/LagC in Dictyosteliumdeveloped to 8 h and then subjected to the cell reassociation
assay. Addition of anti-gp150 Fab did not inhibit the EDTA-
resistant cell adhesion of AK127 cells (Fig. 6D). Further-
more, the Fab had no effect on the EDTA-sensitive cell
binding sites of GT10 cells (data not shown). These results
demonstrate that the precocious expression of gp150 is
responsible for the EDTA-resistant cell adhesion acquired
by GT10 cells at the aggregation stage of development.
Absence of EDTA-Resistant Cell Adhesion in
csaA2/lagC2 Cells
If the EDTA-resistant cell adhesion sites observed in
GT10 cells during cell aggregation were due solely to gp150,
one would predict that a double knockout mutant, in which
expression of both gp80 and gp150 is lost, would lose all
EDTA-resistant cell–cell adhesion sites. A csaA2/lagC2
mutant strain (TL122) was made by disrupting the lagC
gene in GT10 cells. Interestingly, TL122 cells were able to
undergo normal cell streaming and form loose aggregates
(Fig. 7A), suggesting that EDTA-resistant cell adhesion is
not required under these conditions. Also, cell aggregates
were formed 1 to 2 h earlier than seen with GT10 or
wild-type cells. The loss of gp80 and gp150 expression in
these cells was confirmed by immunoblot analysis (Fig. 7B).
Whereas the developmental pattern of EDTA-sensitive cell
adhesion was similar to that of wild-type cells, EDTA-
resistant cell adhesion was completely abolished (Fig. 7C).
These results thus provide genetic evidence supporting the
role of gp150 as a Ca21/Mg21-independent cell–cell adhe-
sion molecule.
gp150 Mediates Cell Attachment via Heterophilic
Interactions
To elucidate the mechanism by which gp150 mediates
cell–cell adhesion, we first sought to determine whether
gp150 mediated cell binding via homophilic or heterophilic
interactions. The cell-to-substratum binding assay was
used to determine when gp150 receptors were expressed.
Wild-type cells were collected at 0 and 16 h and then
deposited on spots on plastic petri dishes that were coated
with the gp150 fusion protein. The number of cells bound
was counted after 30 min. Whereas significant levels of cell
attachment were observed for 16-h cells, attachment of 0-h
cells was at the background level (Fig. 8A). Preincubating
cells with the fusion protein before the assay inhibited the
attachment of 16-h cells on fusion protein. The results
suggested that gp150 receptors were present on 16-h cells
but not on vegetative cells. To determine whether hetero-
philic receptors were present, AK127 (lagC-null) cells were
tested since they did not express gp150 (Fig. 1B). Interest-
ingly, AK127 16-h cells attached to the fusion protein quite
well, indicating the presence of gp150 receptors on these
cells. Cell attachment was reduced by ;75% by preincu-
bating AK127 cells with the fusion protein. Since gp150 was
not present on AK127 cells, cell attachment must have
Copyright © 2000 by Academic Press. All rightbeen mediated by heterophilic interactions between
substrate-immobilized gp150 and receptor molecules on
AK127 cells.
Does gp150 Undergo Homophilic Interactions?
To investigate whether gp150 was capable of homophilic
interaction, an expression vector containing gp150 cDNA
driven by the actin15 promoter was transfected into both
KAx-3 and AK127 cells. Transformants were expected to
express gp150 during vegetative growth, a time when gp150 is
normally absent. If gp150 is capable of undergoing homophilic
interactions, cells should display gp150-dependent cell adhe-
sion. Several individual clones were isolated, with the level of
FIG. 7. Characterization of the csaA2/lagC2 mutant TL122. (A)
Phase micrograph of TL122 cells developed to the cell aggregation
stage on water agar. Bar, 50 mm. (B) Loss of gp80 and gp150
expression in TL122 cells. Mutant cells were developed on agar and
collected at 4, 8, and 12 h of development. Proteins were separated
by SDS–PAGE and protein blots were stained with mouse anti-gp80
mAb and rabbit antibody against gp150, followed by appropriate
secondary antibodies. A blot of 12-h AX2 proteins was included as
the positive control (4, gp150;d, gp80) (C) TL122 cells at different
developmental times were subjected to the cell reassociation assay
in the absence (F) or presence (E) of 5 mM EDTA. The values were
taken at the 60-min point of the cell reassociation curves.gp150 expression varying from one- to fivefold the amount
s of reproduction in any form reserved.
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742 Wang et al.found in wild-type 16-h cells. All the AK127 transformants
were able to complete the developmental cycle and form
fruiting bodies with viable spores.
Western blot analysis showed that vegetative cells of
strain KC2N (derived from KAx-3; actin15::lagC, lagC1)
nd strain AC3L (derived from AK127; actin15::lagC,
agC2) expressed ;four times and one time the gp150 level
ound in 16-h KAx-3 cells, respectively (Fig. 9A). Interest-
ngly, only the 150-kDa form was observed. In both trans-
ormants, the presence of gp150 on the cell surface was
onfirmed by the antibody capping assay (data not shown).
owever, when subjected to the cell reassociation test,
egetative (0 h) cells of both strains were unable to form
ggregates in the presence of 5 mM EDTA (Figs. 9B and 9C),
ndicating that the gp150 molecules expressed on KC2N
nd AC3L cells were unable to confer EDTA-resistant
FIG. 8. Attachment of wild-type and mutant cells to substrate-
immobilized gp150 fusion protein. (A) Wild-type cells were col-
lected at 0 and 16 h of development, dissociated, and resuspended
in phosphate buffer containing 20 mM EDTA. 50-ml aliquots were
laced on substrate-immobilized GST or gp150 fusion protein (FP)
nd the number of cells attached was estimated after 30 min at
oom temperature (solid bars). To demonstrate binding specificity,
6-h cells were preincubated with the fusion protein before the
ttachment assay (stippled bar). (B) Attachment of AK127 (lagC2)
cells to substrate-immobilized fusion protein was assayed as in the
case of wild-type cells. Data represent means 6 SD (n 5 3 to 5).ohesiveness. In contrast, cells of both strains were able to A
Copyright © 2000 by Academic Press. All rightorm aggregates in the absence of EDTA, indicating the
ormal expression of EDTA-sensitive contact sites.
The ability of gp150 to undergo homophilic binding was
lso examined using the cell-to-substratum attachment
ssay. When 0-h KC2N (actin15::lagC, lagC1) and AC3L
(actin15::lagC, lagC2) cells were tested, both cell strains
showed only background levels of cell attachment (Fig. 10).
In contrast, cells at 16 h of development attached to
substrate-immobilized gp150 fusion protein at levels com-
parable to their parental strains (see Fig. 8).
To demonstrate that the gp150 molecules expressed by
these transformants were functional, vegetative (0-h) AC3L
FIG. 9. Cell adhesive properties of KAx-3 and AK127 transfor-
mants overexpressing gp150. (A) Expression of gp150 in transfor-
mants. Cells of strains KC2N (actin15::lagC, lagC1) and AC3L
actin15::lagC, lagC2) as well as their respective parental strains
KAx-3 (lagC1) and AK127 (lagC2) were collected at 0 and 16 h of
development for SDS–PAGE. Protein blots were stained with
anti-gp150 antibody and the position of gp150 is indicated by an
arrow. (B) Cell cohesive properties of KC2N (actin15::lagC, lagC1)
ells. KC2N and KAx-3 cells were collected at 0 h of development
nd subjected to the cell reassociation assay in the presence or
bsence of 5 mM EDTA: F, KC2N cells, 2EDTA; E, KC2N cells,
EDTA; , KAx-3 cells, 2EDTA; , KAx-3 cells, 1EDTA. The
ggregation curve of 16-h KC2N cells in 10 mM EDTA (n ) was
ncluded for comparison. (C) Cell cohesive properties of AC3L
actin15::lagC, lagC2) cells. AC3L and AK127 cells were collected
t 0 h and then assayed in the presence or absence of EDTA: F,
C3L cells, 2EDTA; E, AC3L cells, 1EDTA; , AK127 cells,
EDTA; , AK127 cells, 1EDTA. The reassociation curve of 16-h
C3L cells in 10 mM EDTA (n ) was included for comparison.
s of reproduction in any form reserved.
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743Cell Adhesion Mediated by gp150/LagC in Dictyostelium(actin15::lagC, lagC2) cells were labeled with FITC and then
mixed with 16-h AK127 (lagC2) cells in the presence of 5 mM
EDTA. AK127 cells had already accumulated substantial
amounts of gp80 on the cell surface by 16 h, thus allowing the
formation of EDTA-resistant cell aggregates. On the other
hand, gp80 is not expressed in 0-h AC3L cells. Therefore,
recruitment of labeled cells into the AK127 aggregates would
indicate that the gp150 molecules present on 0-h AC3L cells
were functional and could interact with the receptor on 16-h
AK127 cells. The results showed that 50% of the aggregates
contained .20% labeled AC3L cells (Fig. 11A). In contrast,
when labeled 0-h AK127 cells were mixed with unlabeled
16-h AK127 cells, 60% of the aggregates contained either none
or only one labeled cell per aggregate and only 12% of the
aggregates contained .20% labeled cells (Fig. 11B). Taken
together, the above results indicate that the transformants
express functional gp150, which can mediate cell–cell adhe-
sion only by heterophilic interaction.
DISCUSSION
A variety of biochemical, immunological, and genetic
analyses show that lagC encodes the membrane glycopro-
tein gp150. Antibodies raised against a LagC-fusion protein
are specific to gp150 and show that this protein is missing
in lagC-null cells and reappears in cells transformed with a
construct that expresses wild-type lagC cDNA. In lower
percentage gels, gp150 is resolved into two molecular
weight forms of 150 and 145 kDa. MALDI-TOF mass
spectrometry of the 150- and 145 kDa forms shows that
FIG. 10. Attachment of KC2N (actin15::lagC, lagC1) and AC3L
(actin15::lagC, lagC2) cells to substrate-immobilized gp150 fusion
protein. Cells collected at 0 h of development were assayed for cell
dhesion to substrate-immobilized gp150 fusion protein in 5 mM
DTA under the conditions described for Fig. 8. Cells were deposited
n substrate-immobilized GST (solid bars) or gp150 fusion protein
stippled bars). Binding of vegetative (0 h) cells of either strain KC2N
A) or AC3L (B) to the gp150 fusion protein-coated plastic was
ssentially at the background level. The attachment of 16-h KC2N
nd AC3L cells to substrate-immobilized fusion protein was included
s a positive control. Data represent the means 6 SD (n 5 3).they are both products of the lagC gene. Since both proteins
Copyright © 2000 by Academic Press. All rightshare a common N-terminal sequence (Gao et al., 1992), the
145-kDa form may be a proteolytic product of gp150.
Transcription of the lagC gene is induced at the loose
aggregate stage and lagC mRNA is present through the
remainder of development (Dynes et al., 1994). Western
blot analysis of KAx-3 cells shows that gp150 can be
detected at 10 h of development. By 12 h when loose
aggregates are normally formed under our developmental
conditions and gp150-dependent cell adhesion becomes
apparent (Lam et al., 1981; Gao et al., 1992), gp150 level has
increased several fold. Therefore, a close temporal correla-
tion exists between the accumulation of gp150 and the
expression of gp150-dependent cell–cell adhesion sites.
Earlier studies have implicated gp150 in cell–cell adhesion
in the postaggregation stages of development. The evidence
was based largely on the observation that rabbit antibodies
raised against gel-purified gp150 were able to inhibit cell
reassociation and cell sorting at the slug stage (Lam et al.,
1981; Siu et al., 1983). However, the antiserum cross-reacted
ith several glycoproteins probably due to shared carbohy-
rate epitopes, rendering the interpretation ambiguous. We
ave overcome this problem by raising antibodies against
ecombinant gp150 fragments expressed in bacteria. The new
FIG. 11. Recruitment of 0-h AC3L (actin15::lagC, lagC2) cells into
aggregates of 16-h AK127 (lagC2) cells. Cells were collected at 0 h and
labeled with FITC before being mixed at a 1:1 ratio with unlabeled
16-h AK127 cells. Cell aggregation was carried out in the presence of
5 mM EDTA for 30 to 60 min and on a platform shaker rotating at 180
rpm at room temperature. (A) FITC-labeled 0-h AC3L cells were
mixed with 16-h AK127 cells. (B) FITC-labeled 0-h AK127 cells were
mixed with 16-h AK127 cells. Approximately 100 aggregates were
randomly sampled from each assay. The percentage of labeled cells in
each aggregate was determined and the frequency of occurrence was
calculated for each 10% increment in the labeled cell percentage. Data
represent the average values of two experiments.
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744 Wang et al.antibody reported here is highly specific for gp150 and the Fab
fragments inhibit cell reassociation, implicating the direct
involvement of gp150 in cell adhesion.
Immunolocalization studies have confirmed the expres-
sion of gp150 on the cell surface and revealed its preferen-
tial localization in cell–cell contact regions, consistent
with a role in cell–cell adhesion. gp150 staining is observed
throughout the length of the slug, indicating that all cell
types are capable of expressing gp150. Also, gp150 is found
in the cell–cell contact regions. Several studies have shown
that gp80 synthesis is restricted to the aggregation stage and
the level of gp80 decreases steadily in the postaggregation
stages of development (Siu et al., 1988; Mann et al., 1989).
However, cell cohesion becomes stronger and more resis-
tant to EDTA dissociation (Lam et al., 1981). It is therefore
likely that gp150 plays a more dominant role as the level of
gp80 diminishes in later developmental stages.
We have also investigated the role of gp150 using mutant
cell strains. Significantly, we have discovered that the
csaA-null GT10 cells express gp150 precociously during
cell aggregation. Whereas EDTA-resistant cell adhesion is
reduced in GT10 cells developed in shaken cultures (Harloff
et al., 1989), cells developed on agar display EDTA-resistant
cell cohesion similar to the parental strain. Univalent
antibodies against gp150 inhibit the EDTA-resistant cell
binding sites but not the EDTA-sensitive sites. Moreover,
EDTA-resistant cell cohesion is lost when the lagC gene is
disrupted in GT10 cells, indicating that gp150 is respon-
sible for the Ca21/Mg21-independent cell adhesion.
Using the cell-to-substratum binding assay, we have dem-
nstrated that the cell binding activity of gp150 is associated
ith the protein moiety of the molecule. Although gp150
ontains 15 potential N-glycosylation sites and approximately
ne-third of its molecular mass is contributed by carbohy-
rate, the carbohydrate moiety does not seem to be required
or cell adhesion. In this respect, gp150 is similar to the cell
dhesion molecules gp80 (Kamboj et al., 1988, 1989) and
dCAD-1 (Wong et al., 1996). However, the mechanism by
hich gp150 mediates cell–cell adhesion is different. Whereas
p80 and DdCAD-1 both function via homophilic interactions
Siu et al., 1987; Kamboj et al., 1988, 1989; Brar et al., 1996),
p150 mediates cell–cell adhesion by heterophilic interac-
ions with surface receptor molecules. Transformants overex-
ressing gp150 during vegetative growth fail to form aggre-
ates unless they develop for more than 10 h, even though the
p150 molecules expressed in vegetative cells are fully func-
ional. Therefore, gp150 molecules on the cell surface are
robably not capable of supporting homophilic interactions.
ince the gp150 fusion protein supports cell attachment of
oth wild-type and AK127 cells developed for 16 h, but not
egetative cells, the expression of receptor molecules appears
o be under developmental regulation similar to that of gp150.
An analysis of the phenotype of the lagC-null mutant
hows striking similarities with that of gbf-null cells
Schnitzler et al., 1994; Sukumaran et al., 1998). Both
utant strains are arrested at the loose aggregate stage of
evelopment. The gbf gene codes for the transcription
Copyright © 2000 by Academic Press. All rightactor GBF (G-box binding factor), which is required for the
nduction of many prestalk and prespore genes (Hjorth et
l., 1990; Schnitzler et al., 1994). gp150 probably functions
ownstream of GBF, since lagC transcription is blocked in
he gbf-null cells. However, the lagC-null phenotype can be
escued by the overexpression of the gbf gene (Sukumaran
t al., 1998). It is possible that cell–cell contacts or cell–
ubstratum contacts mediated by gp150 may trigger a
ositive feedback loop to upregulate the expression and/or
unction of GBF, which in turn induces the transcription of
ell-type-specific genes. In this way, GBF and gp150 to-
ether may constitute an important developmental switch
hat regulates the transition from multicellularity to cell-
ype differentiation (Sukumaran et al., 1998).
Transformation of the lagC-null cells with a construct
hat expresses wild-type gp150 overcomes the block to
orphogenesis and restores the ability to form fruiting
odies (Dynes et al., 1994). This observation suggests that
he adhesion activity of gp150 may be important to the
rogression of development. However, as discussed above,
p150 also has a major signaling function during develop-
ent. It is thus possible that the expression of gp150 may
ctivate the transcription of other downstream genes re-
uired for the completion of development.
The signaling role of gp150 is also borne out by studies on
ixed cell aggregates. In chimeric aggregates consisting of
K127 cells and KAx-3 cells, the lagC-null cells are induced
o form stalk cells, suggesting that gp150 may function as a
on-cell-autonomous signaling molecule (Dynes et al.,
994). However, lagC-null cells fail to make viable spores in
hese chimeras, suggesting a second, cell-autonomous role
or gp150. It is possible that signals generated by gp150-
ediated cell adhesion are involved in the spore and stalk
athways. Differences in the temporal and spatial expres-
ion of gp150 and its receptor may have a decisive role on
athway choice and cell type differentiation. Future studies
n the identification and characterization of the gp150
eceptor and its downstream components should provide
mportant insights into the signaling cascades initiated by
p150-mediated cell adhesion.
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